Fission decays with two heavy fragments in coincidence have been measured from 60 Ni compound nuclei, formed in the 36 Ar + 24 Mg reaction at E lab ( 36 Ar) = 195 MeV (5.4 MeV/A). The experiment was performed with a unique kinematic coincidence set-up consisting of two large area position sensitive (x, y) gas detector telescopes with Bragg-ionisation chambers. Very narrow out-of-plane correlations are observed for two heavy fragments emitted in either purely binary events or in events with a missing mass consisting of 2, 3 and 4 α-particles. The broad out-of-plane distributions correspond to binary fission with the evaporation of α-particles or nucleons from excited fragments. The narrow correlations are interpreted as ternary coplanar cluster decay from compound nuclei at high angular momenta through elongated shapes with large moments of inertia, and the lighter mass remains with very low momentum in the centre of mass frame. It is shown in calculations of shapes, that the large moments of inertia of the hyper-deformed configurations expected in these nuclei, will lower the ternary fission barrier so as to make a competition with binary fission possible.
Introduction
Clustering and large (quadrupole) deformations are observed as general phenomena at low excitation energy in light N = Z nuclei. Rather extreme, namely hyper-deformed shapes are predicted at higher excitation energies and at high angular momenta in nuclei with masses ranging from A = 20 up to 100. These hyper-deformed configurations (HD, with axis ratios 3 : 1) can be formed together with super-deformed (SD) con-figurations in heavy ion collisions. They have been discussed in various theoretical approaches [1] [2] [3] [4] [5] [6] . The calculations were based mainly on the Nilsson-Strutinsky method [3] [4] [5] [6] showing energetically favoured shapes for quadrupole deformation parameters β 2 = 0.6-1.0 (corresponding to major-to-minor axis ratios of 2 : 1 up to 3 : 1, respectively). These shapes are stabilised due to quantal effects and represent configurations, which are several MeV lower than the liquid drop fission barriers. Configurations corresponding to hyper-deformation are also obtained in an α-cluster model [2] , highlighting the relation between large deformations and clustering. Furthermore, a ternary fission process is predicted using an approach based on the generalised liquid drop-model [7, 8] , taking into account the proximity energy and quasi-molecular shapes (as in the cluster models), i.e. for 56 Ni and 48 Cr nuclei. Ternary fission can be strongly enhanced for larger deformations due to the large moments of inertia creating lower fission barriers at high angular momentum and due to an additional lowering of the barrier by shell corrections. However, until now no experimental evidence for such ternary break-up of light nuclei has been reported [9] [10] [11] [12] .
We have studied fission events from the decay of the 60 Zn compound nucleus (CN) at an excitation energy of E * CN = 88.0 MeV, formed in the 36 Ar + 24 Mg reaction at E lab = 195 MeV. In the experiment two heavy fragments are measured in coincidence. Binary decays of a similar system, in the 32 S + 24 Mg reaction, have been studied extensively by Sanders et al. [11] , and for a system of similar size (A = 59) in Ref. [12] , the latter, however, at a much higher energy of 8 MeV/A. From the systematic work of Ref. [11] some basic information on the CN properties is available. For instance, the maximum angular momentum J reached for CN of mass A = 56-60, is close to J = 45h, consistent with the predicted liquid-drop limit [10] . With the cited incident energy we reach for our system just this value of J and we expect to observe mainly the decay (including fission) from an equilibrated compound nucleus.
Experiment and results
The experiment has been performed at the ISL facility of the HMI, with the binary reaction spectrometer (BRS) [13] [14] [15] . Two detector telescopes, labelled 3 and 4, were placed symmetrically on either side of the beam axis. Each of them comprises two-dimensional position-sensitive low-pressure multiwire chambers (MWC) and Bragg-peak ionisation chambers (BIC). In the reaction, written as (
, two heavy fragments with masses (M 3 , M 4 ) and charges (Z 3 , Z 4 ) are registered in kinematical coincidence and identified by their charges (and energies), in these cases the odd masses of the even charges are strongly suppressed relative to the even (N = Z) fragments. Details of the detectors and the experimental set-up are given in Ref. [16] .
Correlations between two heavy ejectiles in coincidence have been measured with respect to their in-plane and out-ofplane reaction angles (see Figs. 2 and 3) . The x-and y-readouts give information for the angles, θ (in plane) and φ (outof-plane). The two detectors cover in-plane angular ranges of θ L = 12.5 • -45.5 • , and in their centre planes the out-of-plane angles φ ranges are φ = 0 • ± 16.8 • , or 180 • ± 16.8 • . In contrast to previous work, the measured angular correlations represent an exclusive measurement of the binary fission yields (see for example Refs. [11, 12] ) over a wide angular range with high resolution. Other parameters measured are the Bragg-peak height BP , the range R and the rest energy E, used for the identification of the fragments by their charge, and the momentum vectors. The reaction plane is defined by the beam axis and the vectors of the two emitted heavy fragments, coplanarity is defined by the relation (φ 3 − φ 4 ) = 180 • . With a specific method of energy calibration of the BIC signals [17] , we obtain energy spectra (total kinetic energy, TKE = E 3 + E 4 ), however, the values are not on an absolute scale. The targets consisted of 100 µg/cm 2 of 24 Mg enriched to 99.9% on a layer of 20 µg/cm 2 of 12 C. Reaction channels are defined by the sum of the observed charges of the fragments registered in coincidence, (Z total = Z 3 + Z 4 ), with (Z total + Z = 30), where Z = 0-8. Typical two-dimensional spectra of BP versus E are shown in Fig. 1 .
For purely binary exit channels ( Z = 0), with two heavy fragments which do not evaporate charged particles, narrow out-of-plane φ-distributions are expected. For non-binary channels broad out-of-plane distributions are observed in the φ correlations, because of the missing information on the momenta of the unobserved third (or more) particles. A narrow distribution uniquely defines the missing momentum out-of-the reaction plane, which is spanned by the beam direction and the vectors of the two heavy fragments. For these events we can define coplanar ternary fission with a small momentum of the missing fragments in the centre-of-mass. These out-of-plane correlations are discussed below.
In Fig. 2 we show the total kinetic energy TKE, as a function of (φ 3 − φ 4 ), for different combinations of (Z 3 , Z 4 ), different Z. The same coincident fragment yields, N(Z 3 , Z 4 ), are plotted in Fig. 3 tribution is observed for Z = 2. These events are originally binary fission with an excitation energy in either fragment sufficiently high for one α-particle to be emitted. The distributions become wider with increasing numbers of missing α-particles, the systematics of the widths are shown in Fig. 3 . We can easily identify these broad yields as fission with the excitation energy in each fragment sufficiently high to allow evaporation of 1-4 α-particles, respectively.
We have calculated the centre-of-mass (cm) angles, θ cm , of the different binary channels. They are approximately in the range from 65 • to 120 • with a variation of 10 • , depending on (Z 3 , Z 4 ). The yields in the angular distributions show little variation. In this range the fission angular distributions are known to be rather flat [11, 12] . We plot the fission yields (average differential cross sections) of the broad distributions for the binary fission channels in Fig. 4 over the cited angular range in the centre of mass. The varying ranges may introduce a systematic error of 10-20% of the values shown in Fig. 4 , the statistical errors are given with the symbols. Further systematic errors (underestimations of the cross sections) are expected for the low yields of the most negative Q-values due to the cut-off in the registration in the BIC. Also shown are the yields of the narrow components. The narrow distributions with Z = 4,6 are interpreted as ternary fission, on which the following discussions below are concentrated.
In the following we will discuss the origin of the narrow components, which can also originate from target contaminants such as 16 O and 12 C.
(1) We estimate the relative fission yields between reactions on 16 O and 24 Mg: The purely binary fission (fragments with low excitation energies and no subsequent α-decay) from the compound nucleus 60 Zn has a small yield. The cross sections for the emission of excited fragments with corresponding additional emission of 1α-and 2α-particles are the largest. The yields leading to broad distributions are typically five to ten times larger than the purely binary channels. This fact gives us the possibility to estimate the contribution from the target contaminants. If the narrow component for Z = 4 originates from a binary fission process of 52 Fe (from a 16 O target), we expect a corresponding dominant contribution for −1α-decay in the Z = 6 distributions. We find that the experimental yield in the wide Z = 6 distributions is a factor 10 to small to originate from 16 O, as illustrated in Fig. 5 . In this figure the binary −1α-yields related to the respective purely binary yields (narrow parts) are indicated: first for 60 Zn, then for 52 Fe, and the last for 48 Cr, respectively. The result shows that the contributions from 16 O would be in the range of 10%.
(2) Similar considerations apply for the 12 C in the target, it will be manifested in the narrow component in the yield for Z = 6, and should be seen as a strong broad component in
3) The width of the broad out-of-plane distribution gives another important indication. The expectation is that for larger charge losses Z (a statistical emission of several charged particles from the fragments) the (φ 3 , φ 4 )-correlations have increasing width. This is indeed fulfilled (see Fig. 3 ) for the broader component. For Z = 4, Z = 6, and Z = 8 in Figs. 2 and 3 , the width increases continuously from 9 • for (−1α), 15 • , 21 • and 25 • , respectively, up to the yields for −4α. This would not be the case if an appreciable amount of these yields would originate from 16 O. (4) We have estimated the target thickness for 16 O needed if the narrow component in Z = 4 is completely due to the binary fissions of 52 Fe (with the same cm binary fission cross section as f or 60 Zn) and find that three times more 16 O is needed than is possible for a completely oxidised target. Assuming a (rather large) 30% contamination due to oxidation again a missing factor of 10 is found.
(5) The higher kinetic energy of the narrow component. If the third (ternary) fragments are assumed to be created in the neck, they will have rather low kinetic energy in the cm system. We have performed calculations of the corresponding collinear three-body decay. These cases imply for example that the missing particle X, a 8 Be nucleus (or 12 C) is sequentially emitted "backwards" from one of the moving heavier fragments in the reaction plane, with a corresponding momentum P 3 = −P X . This gives us the upper limit of the TKE, the resulting values are approximately 20-30 MeV higher then the centre of the broad component in the TKE distributions. These observations show that the narrow yields must originate dominantly from fission of 60 Zn ( 24 Mg target). Our estimate is that ≈10% of the narrow distributions Z = 4,6 originate from target contaminants.
Binary and ternary fission
For the discussion of the fission process the systematics of the differential cross sections shown in Fig. 4 are inspected further. We find in these data an odd-even effect of the fission yields, with the suppression of the channels with odd-odd charges. The odd-odd yields are a factor 5-10 smaller then the corresponding yields for even-even fragments. The later discussion will show, that this is clearly due to the less favourable Q-values for the odd-odd fragments (see Table 1 ). The fission process in the standard statistical decay theory is governed by the Q-values and the level densities at the saddle point and of the two fragments. The "enhancement" for odd-odd charges predicted in the work of Gupta et al. [21] , where no phase space is used, is in clear contradiction with the present result. As a final statement concerning these systematics, we note the very low yield of the combinations with Z = 8, due to their very negative Q-values.
We will show that the competition between binary and ternary decays is only possible at the highest angular momenta. The narrow component observed in the (φ)-correlations at (φ 3 − φ 4 ) = 180 • implies a particular geometrical three-body configuration. Three fragments could be placed at different relative orientations, however, it can easily be shown that for larger values of the total spin J , the collinear configuration, which has the largest moment of inertia relative to all others, gives the lowest fission barrier. This feature has been calculated for some specific cases by Wiebecke and Zhukov [20] . The experimental results also indicate that the missing particles are dominantly multiples of α-clusters. Such behaviour is predicted by the α-cluster model (see third diagram of Fig. 3 in Ref. [2] for the hyper-deformed 56 Ni). The breaking of an α-particle to produce odd-even (or odd-odd) fragments implies configurations, which are structurally and energetically strongly unfavoured.
For the interpretation of the reaction mechanisms, which can give the narrow components in the φ-correlations, we shortly consider three different processes. (i) Pre-fission emission: a fission process after emission of nucleons, or of one or two α-particles. Such a prescission process would not disturb the out-of-plane correlation of the two remaining fission fragments. We can rule out this process by the following arguments. Following the systematics of Morgenstern [18] , the average energy carried away in compound decay by one nucleon is 16.4 MeV, and by one α-particle it is 23.4 MeV, and the prefission values would be even higher. For such a CN with reduced excitation energy, it is known that no second chance fission can be expected [11, 19] . No significant contribution from a narrow peak in the (φ 3 , φ 4 )-correlations is observed for the fragment-fragment coincidences with one missing particle, for Z = 1 or 2.
(ii) A binary fission process with strong spin alignment in the fragments, e.g. for Z = 4. Two α-particles must be evaporated correlated in-plane from two primarily excited heavy ejectiles with their angular momenta completely aligned perpendicular to the reaction plane. The alignment from the first step (which should be seen in Z = 2) would have to be preserved for the whole set of data Z = 2-6, in order to produce the narrow distributions. (iii) Ternary fission, this can be a prompt ternary decay, in the coplanar (or collinear) geometry. More likely the ternary fragments are emitted in a sequence of two fast fission processes with two neck ruptures in a short time sequence, shorter than the average fission time. We will show below, that the energy balance allows the ternary processes to occur only for the highest angular momenta, emphasising the cited geometry.
A major point in the interpretation of the data is to explain the relative yields of the "ternary" to the binary fission channels in view of their Q-values. The statistical phase space and the energies at the saddle points for both binary and coplanar ternary fission have to be considered. This can be achieved by using the formalism of the Extended Hauser-Feshbach Method (EHFM) [19] . For ternary events, implying Nα-particles in the neck, we will assume that these remain with very low momentum in the centre of mass. Therefore, we will neglect the phase space of these particles (in cm), as well as their kinetic energy. For a CN with excitation energy, E * CN , a Q-value Q gs (3, 4) , excitation energies of the fragments given by U 3 , U 4 , and their relative kinetic energy as E kin (3, 4) , we have the constraint: (3, 4) . The two excitation energies are connected via energy conservation and both fragments being registered in coincidence before further decay, the values of U 3 and U 4 , must be below the α-decay threshold. For even-even nuclei with (N = Z) this is in the region of 5-9 MeV, and the Coulomb barrier of the α-particles must be added.
Defining the total spin J , of the CN, and a distance parameter r between the two fragments, which stands for the shape of the fission saddle, we can discuss the total energy balance. We define the free energy, which will determine the yield for a particular partition, with the potential energy for the relative motion of fragments 3 and 4 as V eff pot (J, 3, 4, r):
For negative Q-values and large J , the values of E free (3, 4, J ) and the yields tend to zero. The rotational energy E rot (J, 3, 4, r) in V eff pot (J, 3, 4, r) depends on the total spin J and on the moments of inertia Θ ff (r). The total potential will also contain the shell corrections Δ sh (r) at the deformed saddle point:
. The values of the shell corrections for hyper-deformed shapes are in the range of 5-8 MeV for N = Z = 28, see the review by Ragnarson et al. [6] . Within the statistical model the relative yields of the binary and ternary fission can be obtained. They will depend: (a) on the different Q-values (see Table 1 ), and thus finally on the different values of E free (3, 4, J ). This will result in different values of U i ; (b) on the moments of inertia Θ ff entering into V eff pot (J, 3, 4, r), and the corresponding fission barrier heights, some relevant values are summarised in Table 1 ; (c) on the shell corrections to V eff pot (J, 3, 4, r) for large deformations (3 : 1 axis ratio) lowering the fission barriers.
Due to the increase with angular momentum of V eff pot (J, 3, 4, r), the free energy E free (3, 4, J ) at the saddle point is dramatically reduced with increasing J , with a smaller increase of the former for the ternary decay. Given the large difference in Q-value shown in Fig. 6 and Table 1 , the barriers for binary and ternary fission become comparable only at the highest angular momenta of the compound nucleus. The more negative Q-value for ternary fission is compensated by the smaller value of E rot (J, 3, 4, r) at the saddle point, which occurs at larger distances. In Fig. 6 and in Table 1 the rotational energies at the saddle point for J = 45h, and the Q-values are shown. For negative Q-values negligible contributions are expected at low angular momentum.
The Q-values with odd-odd charge fragments for binary and ternary mass splits are in addition 5-10 MeV more negative, this fact is the origin of the reduced cross sections for odd-odd fragments (Fig. 4) in both, binary and ternary fission channels. In these cases lower yields and fewer subsequent decays via particle evaporation are possible. The narrow peaks in the (φ 3 , φ 4 )-correlations dominate the spectra if the sum of two odd charges is taken (Fig. 2) .
The yields shown in Fig. 4 confirm the statistical-model predictions, i.e. the specific dependence of the yields on the Q-values; the odd-even effect in the yields is clearly observed (odd-odd yields are typically suppressed by a factors 5-10). The yields for ternary decay are comparable to the binary case, in addition the odd-even effect is observed.
spectroscopy. For nuclei in the medium-mass region with N = Z a complete reconstruction of the ternary fission events could be undertaken with additional appropriate detectors. Thus, measurements of the ternary fission process will offer the possibility for detailed spectroscopy of extremely deformed nuclear states.
